Study of the lactose and galactose transport systems in Klirperoniyces luctis has shown that lactose uptake is by active transport. The transport system is under monogenic control and is inducible. Galactose uptake is also by active transport but the system is controlled by two genes which, in the four strains we studied, are present only in K. lactis CBS 2359. Galactose uptake in the other K. lactis strains is by a simple diffusion process.
H . BOZE, G . MOULIN A N D P . GALZY synthetic medium, medium G (Galzy, 1964) , containing 5 g carbon substrate I-'. Liquid cultures were grown in Erlenmeyer flasks filled to a tenth of their volume, and shaken at 28 "C.
Genetic techniques. The haploid strains were cultivated on solid YME medium (yeast extract, 3 g 1-I ; malt extract, 3 g 1-I ; peptone, 5 g I-' ; glucose, 10 g 1-I). Genetic crosses were by replica plating on solid ME medium (malt extract, 50 g 1-I). After 3-5 d, the asci formed were dissected and micromanipulated with a Fonbrune micromanipulator.
Measurement of sugar uptake. Cells were harvested at the end of the exponential phase, centrifuged, washed twice with distilled water, and redispersed in water to obtain a suspension of OD,,, N 4. The assay was done at 30 "C. The reaction was started by adding 1 pCi (37 kBq) [14C]lactose or [14C] galactose to 1-6 ml cell suspension. The concentration of lactose or galactose varied from 1 mM to 10 mM, the final volume being 2.5 ml. Samples (0-5 ml) were taken every 20 s for 80 s. Under these conditions, lactose uptake was linear. The reaction was stopped by diluting the sample in 10 ml unlabelled lactose (10 mM) or galactose (10 mM) at 4 "C. The cells were immediately filtered through Millipore filters (0.45 pm pore size) and washed twice with the lactose or galactose solution. The filters were then dissolved with 0-5 ml Soluene 100; 12 ml scintillation liquid was added and radioactivity was determined. The chemicals used were : Optical density determination. Optical density was measured at 420 nm with an ELVI colorimeter; 1 unit corresponded to 1.8 mg dry wt ml-I.
R E S U L T S
Induction of' the galactose uptake system Galactose permease activity of K. lactis 2359 was measured after growth to late-exponential phase on different carbon substrates. The rate of galactose entry into the cell was measured by following the uptake of [lSC]galactose (5 mM) during the first 2 min (Table 1) . Three levels of activity were observed: after growth in the presence of glucose, the rate of galactose uptake remained low [ 1 pmol (g dry wt)-l min-'1; after growth in the presence of lactose, glycerol plus fucose or lactic acid, the rate was 3-4 pmol (g dry wt)-l min-l ; after growth in the presence of galactose or glycerol, the rate was very high [ 10-14 pmol (g dry wt)-l min-'1. Permease activity was thus always present and therefore constitutive. The rate of uptake was highest after culture on galactose.
The activity of the galactose transport system after different methods of treatment was determined on resting cells. Cells grown on glycerol or glucose were centrifuged, washed, and transferred to galactose alone or galactose plus glucose. Cells grown on lactose or lactic acid were transferred to galactose plus lactose or galactose plus lactic acid. The uptake rate was measured as before (Fig. 1) . There was always some permease activity; the uptake rate was highest in the presence of galactose alone. After culture on glucose, the cells had little activity; the presence of glucose in a medium already containing galactose prevented the maximum induction of galactose permease (Fig. 1 b) . Furthermore, after culture on glycerol, when the cells were placed in contact with galactose plus glucose, their activity decreased considerably with time ( Fig. 1 a) . Growth on lactose or lactic acid similarly led to low galactose permease activity: the base-line Parameters of the galactose transport system The uptake of galactose was linear and the kinetic parameters could be estimated quite accurately within the first 2 min. The values of K , and V,,, are summarized in Table 2 . After growth on glycerol, galactose or glycerol plus fucose, the observed K, was about 1 mM. A single constitutive galactose transport system could thus be present in all these conditions. Only the maximum rate of galactose uptake differed: V,,, was two to three times higher in the presence of galactose. However, after growth on glucose, the K, was nearly 10 RIM. This suggests that K. lactis 2359 may contain two different systems for galactose transport, their expression depending upon the carbon source.
Influence of diflerent sugars on galactose uptake
We studied the influence of different carbon substrates on the rate of uptake of [ 4C]galactose (5 rnM) in order to determine the specificity of each transport system. Assuming that the permeases have a similar apparent K,,, for other substrates as for galactose, in theory uptake would be inhibited by 50% if the substrate were used at a concentration of 5 mM, and by 91 : d if the substrate were used at a concentration of 50 mM. In fact, the addition of unlabelled galactose at a concentration of 5 mM led to a 50% decrease in uptake after growth on glycerol and 39% after growth on galactose; 50 mwgalactose resulted in a fall of 80% after growth on glycerol or galactose ( Table 3) . These decreases, solely due to the dilution of [14C]galactose with the unlabelled compound, were very close to the theoretical values. Different levels of inhibition were obtained depending on the carbon substrate employed during growth (Table 3) . After growth on lactose, only lactose provoked a slight inhibition (20%) of galactose uptake. Glucose at a concentration of 5 mM led to 68% and 36% inhibition after growth on glycerol and galactose respectively: with a glucose concentration of 50 mM, the corresponding values were 91 % and 81 %. These were close to the theoretical values. It appears that glucose can use the galactose transport system. The other hexoses tested also influenced the galactose uptake rate, but to a lesser extent than did glucose. The galactosides were almost without effect.
The results of this study suggest that there are two galactose transport systems in K. lactis
2359.
The first is a low-affinity system present after growth on lactose, and to a lesser degree on glucose, galactose entry being inhibited only by lactose. This indicates that the system has no influence on galactosides other than lactose. The second is a high-affinity system present after growth on galactose and glycerol. This is not specific for galactose, and is greatly inhibited by glucose, hexoses, galactosides (notably lactose) and lactic acid.
With cells pre-grown on galactose, the glucose inhibition constant, Ki, calculated according to the Lineweaver-Burk method was 1.5 mM; inhibition was competitive. Ki was thus almost equal to the apparent K,,, of galactose permease, which indicates strong competition between the two substrates. Galactose permease present under such conditions also serves as a glucose carrier.
Special characteristics of galactose permease
We studied the influence of metabolic inhibitors on the rate of galactose uptake after growth on different substrates (inducers of the various transport systems) ( Table 4 ). In every case there was a decrease in the galactose uptake rate, the percentage of inhibition varying from 70% to 90%. This indicated that the two systems of transport are energy-dependent.
The uptake rates also varied with temperature. After growth on glycerol and galactose, the activation energy was 68 kJ mol-' but after growth on lactose it was only 24 kJ mol-l. 2359-5 1 1 G 1, obtained from it (Marin, 1984) . Both mutants lack galactose-1-phosphate uridyltransferase activity; strain 2359-5 1 1 G 1 also lacks galactokinase activity. These mutants could therefore no longer use galactose as a carbon source, but galactose uptake could be measured if the cultures were grown on glycerol. On this medium, high-affinity permease was present for all three strains (Fig. 2a) . In the case of K . lactis 2359, measurements were made after growth on galactose, when the high-affinity permease was present, and on lactose, when the lowaffinity permease was present (Fig. 2b) . Cells were harvested at the end of the exponential growth phase, centrifuged, washed and then placed in a solution of [14C]galactose (1 mM). Intracellular radioactivity was measured between the 1st and the 20th minute of contact time.
The water fraction of the cells was measured by the method described by Conway & Downey (1950), 1 mg dry wt corresponding to 1 p1 intracellular volume. After growth on glycerol and galactose, when the high-affinity permease was present, the intracellular concentration of galactose was about 15 times higher than in the extracellular medium, whereas after growth on lactose, when the low-affinity permease was present, the increase was only ninefold. In both cases galactose entry was by active transport. The pH value was of no special significance for either system. After growth on galactose at pH values of 4-6 the activity was 90-100% of maximum, whilst above pH 6 it fell by 30%. After growth on lactose at pH values of 3-5, the activity was 9 6 1 00% of maximum, whilst above pH 5 there was a decrease of 30-40%. The pH for maximum activity differed by one pH unit between the two transport systems. 
H . B O Z E , G . M O U L I N AND P. G A L Z Y

Genetic studies
The existence of two different galactose transport systems suggests that there may be a structural gene (PHA) encoding the high-affinity permease and a second gene (PLA) encoding the low-affinity permease. A genetic study of this system is complicated by the existence of the two genes LACl and LAC,. At least one wild-type allele is necessary for galactose and lactose to be used. Strains with genes lac, and lac, cannot grow on galactose or lactose; they have no 0-galactosidase, galactokinase, galactose-1 -phosphate uridyltransferase, UDPgalactose epimerase, galactose permease or lactose permease (Herman & Halvorson, 1963; Moulin, 1984) . It is also difficult to interpret segregation patterns where genes conferring similar mutant phenotypes are involved.
In order to study how the two galactose transport systems segregated, we crossed K . lactis strain 2359-1 5 (a) of genotype lac, LAC, epimerase-, with permease activity, with K . luctis strain 63 15 (a) LAC, lac, epimerase+, without permease activity (Table 5) . Galactose is toxic for epimerase-galactokinase+ cells because it accumulates in the form of galactose 1 -phosphate or UDPgalactose (Sheets & Dickson, 1980; Douglas & Hawthorne, 1964) . Under these conditions the addition of galactose (20 g 1-I) to a solid medium containing glucose (5 g 1-I) inhibits the growth of these strains. On the other hand, the addition of galactose at a low concentration (2 g 1-I) inhibits only the growth of strains with galactose permease activity. When crossing different strains of K. luctis, three genes which influence growth in the presence of galactose have to be considered. Two of them, lac, and lac2, would influence simultaneously not only permease activity, but also the activity of the structural genes of the two permeases. The disjunction of the five gene couples which, for various reasons, intervene on the same phenotype is not realistic. We therefore only studied spores from the first two phenotypes described in Table 5 . In the 20 asci examined, 17 spores were of the first phenotype and had permease activity, whilst 17 other spores belonged to the second phenotype and had no permease activity. All the spores examined were LAC, and/or LAC,, therefore the absence of permease activity can only be linked to the inactivity of the galactose permease structural genes. On the other hand, galactose permease activity could be due to the presence of one or two active genes. In the absence of a link, the segregation of two independent genes should produce a 3 :4 1 : 4 segregation type. It is therefore surprising that a 1 : 2 1 : 2 type of segregation was actually observed in spores in which epimerase, LACl, LAC, genes cannot, in theory, interfere with permease activity.
We then crossed K . lactis strain 2359 (a) of genotype lac,, LAC2, with permease activity, with K . factis strain 63 15 (a) of genotype L A C I , lac2, without permease activity. Here again the cross was designed to determine how the two galactose transport systems segregated. Since both strains were epimerase+, one gene less was involved. We dissected and studied nine different asci. Optical density measurements were made after 24 h growth on galactose at 1 g 1-I and 2 g 1-', and the uptake rate of [ Tlgalactose (1 mM) was measured after growth on galactose and lactose. Douglas & Condie (1954) observed that S . cerevisiae mutants (ga12) deficient in galactose permease grew only in the presence of a high concentration of galactose. Goldenthal et al. (1983) showed that the same phenomenon exists for maltose-permease-deficient mutants of S . cerevisiae. As shown by Moulin (1984) , the growth rate of K. lactis strain 6315, having no galactose permease, was dependent on the galactose concentration in the medium, and the maximum OD420 measured after 24 h growth was less than that for strain 2359, which possesses galactose permease ( Table 6 ). Spores that yielded cultures of ODdz0 6 0.19 after 24 h growth on galactose at 1 g l-', and OD,,, 6 0.36 after 24 h growth on galactose at 2 g 1-l, were classed as being deficient in galactose permease (P-). Spores that yielded cultures of OD,2o 2 0-35 after 24 h growth on galactose at 1 g 1-l, and OD4,, 2 0.63 after 24 h growth on galactose at 2 g l-l, were classed as having a galactose permease system (P+).
The rate of uptake of [14C]galactose was measured after the spores had been grown on galactose and lactose. With P+ spores, permease activity was measurable. The uptake rates were three to five times higher after growth on galactose than on lactose. No permease activity was detected in P-spores.
We obtained samples of four types of asci of the following phenotypes: P+P+P-P-(one ascus), P-P+ P+ 0 (five asci), P-P+ 0 0 (one ascus) and P+ P+ 0 0 (two asci) (P+ denotes presence of permease, P-denotes lack of permease, and 0 denotes lack of permease caused by the presence of lac, and lac,). Among these nine asci, we were able to use only one for genetic studies into the characteristics of galactose permease, because the other eight had lac,, lac? spores, which prevented us from obtaining any information. We therefore studied this particular ascus more closely. After growth on galactose, one spore was found to possess a galactose permease of K , = 1 mM (PHA); another had a galactose permease with K,,, = 10 mM (PLA); the other two spores had no activity. After growth on lactose the first two spores had a galactose permease activity of K, = 10 mM. The other two still had no galactose permease activity. These results show clearly that there can be genetic recombination of the PHA+ and PLA+ characters. This is sufficient to eliminate any hypothesis that the two types of permease activity studied could be controlled by a single gene with one allele giving phenotype PHA+PLA+ for K. lactis strain 2359, and another allele giving phenotype PHA-PLA-for K. lactis strain 6315. These results indicate that one gene couple, PHA+/PHA-, codes high-affinity permease and another, PLA+/PLA-, codes low-affinity permease. However, the segregation observed in the two crosses differed from that expected during the segregation of two gene couples having no physical linkage or physiological relationship.
The model proposed is based on the fact that although two genes must be involved, we observed a 2 : 2 rather than a 3 : 1 segregation of galactose permease activity in the first cross. Table 7 shows the types of asci expected if one gene couple were epistatic on the other, the PHA+ gene being active only in the presence of the PLA+ gene, and inactive in the presence of the PLA-gene. The completely analysed ascus would be a tetratype. The results observed from the two crosses confirm this hypothesis. Control by one gene couple only can be excluded, since genetic recombination took place. The possibility of linkage between the two loci cannot be excluded, but this alone will not explain all the experimental results. Lactose permease of K . factis strain 2359 The lactose transport system of K . factis 63 15 has been described by Moulin (1 984) , and that of K . factis 1140 and its mutants by Dickson & Barr (1983) . The active transport of lactose by K . lactis 2359 had similar characteristics to that of K . lactis 6315. The apparent K , was 2 mM and the maximum uptake rate (V,,,,,) was 26 pmol (g dry wt)-l min-l in the presence of lactose or galactose inducer substrates. Lactose permease was also present after growth on glycerol, although the maximum uptake rate remained low [9 pmol (g dry wt)-' min-'1; its biosynthesis was greatly repressed by glucose. It was specific for lactose, none of the sugars tested (glucose, galactose, fucose, methyl P-D-thiogalactoside) having any influence on the rate of entry. The lactose permease was sensitive to metabolic inhibitors and therefore energy-dependent. Lactose could concentrate to a level 10 times higher within the cell than outside it. We are therefore dealing with an active transport system. Genetic control studies of the lactose permease system were done using strains obtained from the crossing of K . lactis strains 2359 and 63 15, both of which possess lactose carriers. Nine asci were micromanipulated and 36 spores analysed. Thirteen spores were of genotype lac, lac2 and could not metabolize lactose; all the others had a lactose permease. We were unable to obtain lactose-permease-negative recombinants. It appears that the permeases in the two strains are encoded by a single gene.
DISCUSSION
Our results show that two galactose transport systems exist in K . lactis 2359. The first, a lowaffinity system, appears to be present whatever substrate is used and is specific for galactose; it is an active transport system. The second system has a higher affinity for galactose (apparent K,,, = 1 mM). It is strongly repressed by glucose and certain other substrates, including lactose and lactic acid, and is not specific for galactose.
On the basis of our findings, we now propose a hypothesis concerning the presence and function of the different genes which encode these transport systems. One gene (PLA), always active, codes a constituent necessary for the two permeases. A second gene (PHA) is expressed only in the presence of galactose and glycerol; it is repressed by glucose, lactose and lactic acid. The association or simultaneous presence of two products encoded by both PLA and PHA is necessary for the second system to function. The gene PHA alone would have little influence. A model similar to this has been described in S . cerevisiae for the transport of methyl a-D-glucoside (Okada & Halvorson, 1964a) . It should be noted that we found galactose permeases only in K. lactis 2359. In the three other K . lactis strains we studied (strains 63 15, Y 1 1630 and Y 1 163 l), no galactose transport system was found. However, galactose was metabolized, entry into the cell being by a simple diffusion process.
The results presented here show the extreme complexity and heterogeneity of the transport system, even within a given species of yeast. Among all the strains of K. lactis studied, only one lactose permease was found. On the other hand, we found two different galactose permeases within a single strain, in spite of the fact that the other strains possessed no galactose permease.
